One-half of a 35-by 250-m riparian buffer cropped in corn (Zea mays L.) was seeded with fine leaf fescue (Festuca spp.) and allowed to remain idle to determine water quality changes resulting from riparian buffer restoration. A corn control was also used in this paired watershed design located in Connecticut. Water, N, and P fluxes were determined for precipitation, overland flow, and ground water. Also, an N mass balance was calculated. Total Kjeldahl nitrogen (TKN) and total phosphorus (TP) concentrations significantly (P < 0.05) increased as ground water flowed through the restored buffer. Nitrate N (NOj-N) concentrations declined significantly but most (52%) of the decrease occurred within a 2. Published in J. Environ. Qual. 29:1751-1761 (2000. Gilliam, 1985; Jordan et al., 1993; Lowrance, 1992; Lowranee et al., 1985; Osborn and Kovacic, 1993; Peterjohn and Correll, 1984; Schipper et al., 1993; Schlosser and Karr, 1981a; Simmons et al., 1992; Verchot et al., 1997; Warwick and Hill, 1988). Several pollutant removal mechanisms are responsible for the water quality improvements associated with forested riparian areas. Physical processes include filtration, sedimentation, adsorption, and precipitation (Lowrance et al., 1985; Schlosser and Karr, 1981b), while biological processes include nutrient uptake and denitrification (Lowrance et al., 1985; Schlosser and Karr, 1981a; Simmons et al., 1992).
. Several pollutant removal mechanisms are responsible for the water quality improvements associated with forested riparian areas. Physical processes include filtration, sedimentation, adsorption, and precipitation (Lowrance et al., 1985; Schlosser and Karr, 1981b) , while biological processes include nutrient uptake and denitrification (Lowrance et al., 1985; Schlosser and Karr, 1981a; Simmons et al., 1992) .
Recent research on forested riparian buffers has focused on the processes responsible for N reductions. Several mechanisms have been cited as being responsible for the removal of N in riparian forests. These include denitrification (Groffman et al., 1992; Lowrance, 1992) , plant uptake (Haycock and Pinay, 1993; Peterjohn and Correll, 1984) , microbial immobilization (Hill, 1996) , and leaching. In addition, N concentrations in ground water are often decreased by dilution (Hill, 1996) depending on the hydrogeologic setting. Nitrogen removal in forested riparian buffers has generally been high in ground water, ranging from 80% to more than 99% (Haycock and Pinay, 1993; Hubbard and Sheridan, 1989; Jacobs and Gilliam, 1985; Jordan et al., 1993; Licht and Schnoor, 1991; Lowrance et al., 1984; Peterjohn and Correll, 1984; Schipper et al., 1993; Schultz et al., 1995; Simmons et al., 1992) . However, a clear relationship between buffer width and decreasing NO 3 -N concentrations in ground water is not obvious (Table 1) . Several studies have investigated more than one buffer width. For example, Dillaha et al. (1989) examined multiple vegetated filter strip widths and observed that the percent total N removal in surface water increased from 54 to 73% when the filter strip width was increased from 4.6 to 9.1 m. Haycock and Pinay (1993) also found increased N removal in ground water with greater buffer widths. Hill (1996) , in a review of NO3-N removal riparian zones, suggested that more mass balance studies are needed to understand the mechanisms responsible for N removal.
Studies using transects have noted a sharp decline in ground water NO3-N concentrations at the edges of wetlands (Haycock and Pinay, 1993; Jacobs and Gilliam, 1985; Jordan et al., 1993; Lowrance, 1992) . Peterjohn and Correll (1984) found that most of the decreases N concentrations occurred within the upslope first 19 m of a 50-m riparian zone. Previous studies have focused on riparian buffers vegetated with mature forests. Little is known regarding the potential for a restored area to enhance water quality. There are several restoration studies underway, including those in Georgia (Lowrance et al., 1995; Vellidis et al., 1993 Vellidis et al., , 1994 , Iowa (Schultz al., 1995) , Pennsylvania (Newbold, personal communication, 1998 ), North Carolina (Gale, 1996 , and Connecticut (Clausen et al., 1993) . This paper reports the overall surface and ground water quality changes following restoration of the riparian buffer and the N mass balance for the riparian buffer.
METHODS

Study Area
The riparian buffer was located along a 250-m reach of Muddy Brook in northeast Connecticut (Fig. 1) . Muddy Brook is a first-order stream that runs north to south and drains a 207.3-ha watershed at the downstream end of the study area. Soil at a distance greater than 5 m from the stream was a poorly drained Wilbraham stony silt loam (coarse-loamy, mixed, active, mesic Aquic Dystrudept) sloped at 5%. This soil developed from stratified deposits overlying glacial till (Melvin et al., 1992) . The top of the till was located 45 to cm below the surface. The depth to Jurassic sandstone bedrock ranged from 2.7 to 6.7 m based on auger drill refusal. Soils within 5 m of the stream were poorly to very poorly drained alluvium wetland.
The original field was cropped in corn except for a 5-m floodplain area adjacent to the stream, which contained woody and grass vegetation (Fig. 1) . Prior to the study, all woody vegetation was removed from the 5-m strip. During the 22-mo calibration period, the entire field was cropped in corn, which was harvested for silage. Following harvest, winter rye (Secale cereale L.) was used as a cover crop during the fall and winter.
In April or May of each year, the corn portions of the study area were fertilized with 112 kg N ha -1 as NH4NO3. The field was disk harrowed and seeded in June each year. Also in June, urea was topdressed to supply 112 kg N ha -l. Following harvest in October, the field was disked and seeded with winter rye. In August 1994, the field upslope from the study area was manured and seeded with rye.
In April 1994 the lower 30 m of the treatment field ( Fig.  1 ) was seeded with a mixture of 50% chewings (Festuca rubra L. subsp, fallax (Thuill.) Nyman) and 50% sheeps (Festuca ovina L.) fescue at 15 kg ha -1 using a cyclone seeder. Within the 5-m strip adjacent to the stream, woody vegetation was allowed to regrow below the treatment field but was harvested below the control field annually. Following regrowth, vegetation below the control portion of this 5-m-wide area consisted primarily of reed canarygrass (Phalaris arundinacea L.), while below the treatment portion vegetation included canarygrass and shrubs consisting of dogwood (Cornus spp.), alder (Alnus spp.), and stump shoots of cottonwood (Populus deltoides L.) and red maple (Acer rubrurn L.).
Design
The overall approach to the study was the paired watershed design (Clausen and Spooner, 1993) . The basic design is establish regressions between two fields (control and treat- ment) over two periods of time (calibration and treatment). During the 22-mo calibration period, both fields were cropped in corn. During the 38-mo treatment period, which began April 1994, the buffer zone on the treatment field was revegetated. All other portions of both fields were cropped in corn. Analysis of covariance was used to determine whether slopes or intercepts were different between calibration and treatment regressions. Percent changes, due to the treatment, were calculated based on the mean value for concentrations (summation for exports) observed during the treatment period and the value predicted by the calibration regression. Statistical analysis of the data was performed using SAS software (SAS Institute, 1995).
Water Sampling
Water samples were collected weekly from precipitation, overland flow, and ground water. Bulk precipitation was collected for nutrient analysis in a continuously open plastic funnel connected to a jerrican (Eaton et al., 1973) . Precipitation amount and intensity were measured using both standard and tipping bucket 20-cm rain gauges.
Overland flow was collected from four runoff plots located along transects in both the control and treatment portions of the fields (Fig. 1) . Originally, plots were 2 by 1 m with a rain gutter collector that drained into a jerrican. In November 1994, larger runoff plots were installed that were 2 m wide by 6.3 to 14.6 m long depending on the individual plot. Outflow from the larger runoff plots was piped to a tipping bucket recorder and a splitter was used to collect a sample. It is believed that changes occurred in the contributing area to the treatment field runoff plots following restoration. Overland flow values could not be extrapolated to the entire treatment area and were not included in further analysis.
Ground water was sampled at the site by establishing a well field (Fig. 1) . Water table wells and piezometers were installed along four transects through the site at 0,5,20, 35, and 65 m from the stream on the west side of Muddy Brook and at 5 and 20 m on the east side of the brook. Wells were also installed on the west side of the brook at the south and north ends of the study area. In total, 34 water table wells and 20 piezometers were installed on the site. Wells and piezometers were installed with a 24-cm-diameter hollow stem auger drill rig operated by the U.S. Geological Survey (USGS) in 1992. Water table wells of 5.1 cm diameter were drilled to a depth of 2.4 m and were constructed using 1.5 m of 20-mm slotted screen and blank PVC casing, a 0.5-m galvanized steel riser, and a lockable well cap. Piezometers were drilled to refusal and fitted with a 30-cm screen at the bottom of the well. All screened sections were packed with sand (0.05-mm grain size) and sealed with bentonite. During fall 1993, four additional wells, one at each of the four sampling transects, were installed 2.5 m from the stream to a depth of 1 m. These wells were also PVC and had a 0.4-m screen. Well screens were packed and sealed. During field planting and harvesting, the upper galvanized riser on each well in the field was removed then replaced after operations concluded.
Wells were sampled weekly. The depth to water was measured using an electronic water level indicator. Elevations of the top of the well and the ground surface were determined by survey on 10 Apr. 1992, 18 Apr. 1992, and 5 May 1993.
Wells were purged using a peristaltic pump for 2 min or until they were dry. Usually, the wells could be pumped dry in less than 2 min. Following recovery, which was approximately 1 h, water samples were taken from each well.
Weekly ground water flow was determined using Darcy's Law. Saturated hydraulic conductivities were estimated by the USGS using slug tests and grain-size analysis. Conductivity estimates ranged from 1.2 to 5.8 m d-' for stratified drift, depending upon the location in the field, and 0.3 m d-' for till (Mullaney, 1995) . Hydraulic gradients were measured off piezometric maps created from weekly water level surveys using SURFER (Golden Software, 1995) . A flownet with 16 stream tubes was calculated for the 65-to 3 5 , 35-to 20-, 20-to 5 , and 5-to 2.5-m distances from the stream. Flow through four stream tubes was summed to determine the flow represented by each sampled water table well. Flow through the stratified drift and till layers was calculated separately and summed. Weekly ground water flow to Muddy Brook was found by summing the flow through all stream tubes for a particular week. It was assumed that flow was horizontal, all parameters were spatially constant within each streamtube, and all ground water from till and stratified drift discharged into the stream. It was not possible to calculate a noticeable difference in flow at the 5-and 2.5-m distances; therefore, the flow was assumed to be the same at both distances.
Precipitation, overland flow, and ground water samples were collected weekly in 250-mL acid-washed polyethylene bottles. Samples were stored in a cooler with ice packs and transported to the laboratory. Samples were acidified with 2 mL L-' of H2S04 to a pH <2, filtered through a 0.45-pm glass filter, and stored at 4°C. All analyses were performed within 28 d of sample collection.
Unfiltered water samples were digested using persulfate in a block digester. Digested samples were analyzed for TKN, by conversion to ammonia, using EPA Method 350.1 and for TP by conversion to phosphate using EPA Method 365.4 (USEPA, 1983). Both methods used colorimetric detection on a Technicon Autoanalyzer I1 (Bran+Luebbe Analyzing Technologies, Elmsford, NY) and a Lachat (Milwaukee, WI) FIA analyzer. Filtered samples were analyzed for nitrate + nitrite nitrogen (N0,N) using cadmium reduction (EPA Method 353.2) and ammonia nitrogen (NH,-N) using salicylate-hypochlorite (EPA Method 350.1). Chloride was measured using an ion electrode (American Public Health Association, 1989) and Lachat FIA methods (EPA Method 325.2). Total suspended solids was determined gravimetrically (EPA Method 160.2).
Bromide Tracer
A bromide (Br) study was conducted along the two transects in the treatment area. A two-dimensional instantaneous point slug model (G. Robbins, personal communication, 1996) was used to determine the slug mass resulting in a stream Br concentration of i mg L -1. In the 5.0-m wells, 40 g of Br was dissolved, resulting in a bromide concentration of 3300 mg L -~. Water samples were collected daily using a peristaltic pump from the 2.5-and 0.0-m wells and the samples were analyzed for Br using an ion specific electrode.
Plant Uptake
During the treatment period of the experiment, biomass estimates in the treatment area were determined. At each well location in the treatment area, a 0.5-m 2 quadrant was randomly tossed and all the enclosed vegetation was harvested. The vegetation was dried at 70°C until constant weights were obtained to determine dry matter content. Vegetation samples were ground in Wiley mill to pass a 2-mm screen. Ground samples were placed into sealed polyethylene bags prior to analysis for concentrations of total N. Total N was measured using LECO (St. Joseph, MI) FP-428 and FP-2000 Nitrogen Analyzers. Total N uptake by vegetation was calculated from dry matter yield and total N concentrations.
Treatment area leaf litter was collected using two litter traps in both 1995 and 1996. Each trap consisted of a wooden frame and a black plastic bag with a 0.25-m 2 sampling area. Leaf litter samples were collected, dried, and weighed, and a total annual leaf litter mass was determined. Litter samples were ground and analyzed for total N as above. Annual uptake was defined as the sum of total N return in leaf litter and the total N content of the annual incremental increase in aboveground biomass.
Denitrification
Denitrification was estimated quarterly using the acetylene block technique, as described by Tiedje et al. (1989) . Surface soil cores were collected using 22-era-long polycarbonate tubes. Core lengths ranged from 6.5 to 10.5 cm. Three samples were collected at each of eight sampling locations corresponding to the eight water table wells at the 5.0-and 2.5-m distances from the stream. Following collection, each end of the tube was sealed using a rubber stopper. The soil cores were transported to the laboratory in a cooler with ice.
In the laboratory, the length and wet weight of each core were determined. The soil cores were mixed with 5 mL acetylene and incubated for 4 h at an average in situ soil temperature determined in the field. After 2 and 4 h of incubation, 9-mL gas samples were taken from the head space above each of the 24 soil cores using a disposable syringe. The gas samples were analyzed for the presence of nitrous oxide (N20) within a 24-h period on a previously calibrated Hewlett-Packard (Palo Alto, CA) 5890 gas chromatograph equipped with electron capture detector and a 1.8 m × 0.32 cm o.d. Porapak Q 80/100 mesh analytical column (Alltech Associates, Deerfield, IL). The analysis was conducted with a flow rate of 13 mL min -1, which is a rate previously determined to allow for the recognition of the characteristic peak of each gas in the sample. The carrier gas was 95% argon and 5% methane. The soil cores were removed from the polycarbonate tubes and dried in a 40°C drying oven for 24 h. The bulk density was calculated for each core and was used to express the estimated rate of denitrification on an area basis. Statistical analysis of the data was performed using SAS software (SAS Institute, 1995) . Data were log transformed for statistical analysis. Significant differences among concentrations at different distances from the stream were determined using a one-way ANOVA and compared using Duncan's multiple range test (c~ = 0.05).
RESULTS AND DISCUSSION
Water Balance
A water balance was constructed for the study area based on both measured and estimated values (Table  2) . Evapotranspiration typically represents about 50% of precipitation in Connecticut. Ground water flow was from 12 to 26% of precipitation depending on the field and treatment. Overland flow was a minor component representing from 2 to 5% of precipitation. The sum of measured overland flow and ground water flow was less than the estimated streamflow from a downstream USGS gauge. This discrepancy suggests that either ground water flow was underestimated at the study site or the downstream gauge received greater ground water and overland flow contributions than represented at this site. Discussion in the mass section of this paper suggests that upwelling in ground water flow was underestimated at the study site. Annual precipitation at the study site was near normal in four of the five years based on comparisons with precipitation at Hartford WSO Airport, located 16 km away (Table 3) . During the third year of the project, precipitation was about 30% below normal. Below normal precipitation
was not recorded at Hartford WSO Airport for the same year. However, precipitation was low during winter 1994 and spring 1995 at the site.
Ground water flow to the stream was greatest during both spring and fall periods and lowest during the summer when evapotranspiration was high. The flow was generally small (3%) in relation to stream discharge. The piezometric surface at the study site declined diagonally across the field and toward the stream generally following ground surface elevations (Fig. 1) . During the summer, the water table decreased by up to 2 m. Mullaney (1995) reported that at many well locations the vertical hydraulic gradient was upward from the till into the stratified drift. These gradients were 0 to 0. 
Concentration Overland Flow
Restoration of the riparian buffer significantly decreased the concentrations of TKN (70%), NO3-N (83%), NH3-N (25%), TP (73%), and TSS (92%) overland flow (Table 4) . As an example, Fig. 3 graphically shows the decrease in TSS, which was an expected benefit of restoration, as a shift in the regression line to lower treatment field concentrations for the same control concentrations. Chloride concentrations also declined following restoration on both the control and treatment fields (Table 4) . It is important in paired watershed studies that the percent change due to the treatment be calculated as the difference between observed and predicted values. Furthermore, one of the requirements of calibration is that the full range of values expected are observed. If, either in the treatment or calibration period, the control watershed values observed are skewed to either high or low values, the comparison of regressions becomes difficult. In this study, a full range of values was observed in both periods (e.g., Fig.  2 and 3) .
Although there have been no reports of the water quality changes following restoration of a riparian buffer, data collected by Vellidis et al. (1994) in the first year following restoration suggest that a reduction in PO4-P concentrations but not NO3-N concentrations was observed. Peterjohn and Correll (1984) observed similar decreases in the concentrations of TKN (83%), NH3-N (74%), NO3-N (79%), TP (85%), and (94%) as runoff moved from cornland 50 m through mature riparian forest in Maryland.
Ground Water
The concentrations of most water quality constituents were found to change significantly as ground water flowed through the riparian area (Table 5) decline in C1 suggests that dilution from upwelling ground water is occurring. During the treatment period, the concentration of C1 in the ground water decreased 44% and the NO3 to C1 ratio decreased 46% as the water passed through the riparian area. The NO3 to CI ratio will decrease when either the concentration of NO3-N decreases, due to a removal mechanism, or when the concentration of CI increases. In this study, both the NO3-N and Cl concentrations declined. However, the decrease in the concentration of NO3-N was greater than the decrease in C1. These changes in the NO3 to C1 ratios indicate that both biological processes and dilution were responsible for NO3-N decreases in this riparian buffer. The dilution was from deeper ground water upwelling at this location (Mullaney, 1995) . The deeper ground water was not sampled for NO3-N and CI. On one occasion a sample from the well located in the stream had an NO3-N concentration of 0.21 mg L 1. It is not believed that dilution came from hyporheic flow because flow lines were toward the stream and the water table elevation at 2.5 m from the stream and in the streambed was at a greater elevation than the stream. Several previous studies have emphasized the removal of N in the upslope initial portions of riparian buffers (Jacobs and Gilliam, 1985; Peterjohn and Cortell, 1984) . However, in this study the greatest N decreases occurred at the opposite end of the buffer, adjacent to the stream. The hydrogeologic setting may influence the location of the dilution of NO3-N in ground water and the location of certain processes such as denitrification (Hill, 1996) . In this study the greatest removal occurred in the narrow wetland adjacent to the stream. Other studies have noted a sharp decline in ground water NO3-N concentrations at the edges of wetlands (Haycock and Pinay, 1993; Jacobs and Gilliam, 1985; Jordan et al., 1993; Lowrance, 1992) .
Restoration of the riparian area was found to significantly decrease the concentration of NO3-N in the ground water for the overall treatment area by 35% (Table 6) . A comparison of regressions between the calibration and treatment periods indicates that both the slopes and intercepts changed as a result of the restoration (Table 6, Fig. 3a) . The decrease was greatest at the higher (>10 mg -~) N O3-N concentrations.
Total P concentrations in ground water increased significantly by 122% (Table 6 ). Based on the regressions for the calibration and treatment periods, there was a significant change in the intercept (level) but not the slope (Fig. 3b) . This indicates that P concentrations increased in the treatment field for all levels observed on the control (corn) field. The significant increase ground water TP in the restored area dominated by grasses is consistent with the findings of Culley et al. (1983) , which showed greater TP loss in tile drainage from grass areas than from corn. Sims et al. (1998) speculated that higher P leaching losses under grass sod relative to corn may be attributed to biopores that enhance preferential flow and/or greater mineralization of organic P. In this study the TP concentrations also increased in the ground water during the treatment period. It is suspected that the manure application to the upper field in August 1994 could have increased TP concentrations in both overland flow and ground water.
Peterjohn and Correll (1984) reported an increase TP in ground water passing through a riparian buffer. Osborne and Kovacic (1993) found significantly higher concentrations of P in the ground water of a forested buffer as compared with a grass buffer and suggested that forests may accumulate more P than grasses. Most researchers have concluded that riparian forests remove particulate P in overland flow but not dissolved P in either overland flow or ground water. Total Kjeldahl nitrogen and NH3-N concentrations in ground water were not significantly influenced by restoration of the riparian area (Table 6 ). The concentrations of both these forms of N were low in the ground water during the treatment period.
There have been numerous studies of the changes in ground water concentrations as the water passed through established, forested riparian buffers. Decreases in the ground water NO3-N concentrations have ranged from 80% to more than 99% (Haycock and Pinay, 1993; Hubbard and Sheridan, 1989; Jacobs and Gilliam, 1985; Jordan et al., 1993; Licht and Schnoor, 1991; Lowrance et al., 1984; Peterjohn and Correll, 1984; Schipper et al., 1993; Simmons et al., 1992) . These decreases are greater than observed following our treatment. However, studies of changes through existing buffers based on well transects did not use controls. In contrast, the paired watershed design used in this study has a control, which accounts for inherent field location differences and is a preferred experimental design.
Bromide Tracer
Bromide was used as a conservative tracer to determine if the 5.0-and 2.5-m wells were hydraulically connected so that NO3-N removal could be explained. Breakthrough curves for the Br tracer in the south transect of the treatment area indicated that the 5.0-, 2.5-, and 0.0-m wells were hydraulically connected (Fig. 4) . The peak concentration of 0.76 mg L -1 in the 2.5-m well represents nearly a 100% decrease in the concentration of Br between the 5.0-and 2.5-m wells. The peak concentration of Br measured in the well located in the streambed was 0.46 mg L -l, which occurred 1 d after the peak concentration was observed at the 2.5-m well. The decrease in Br concentration observed was partly due to dilution as well as dispersion and diffusion. Hill (1996) suggested that in some landscapes, vertical gradi- 
Denitrification
Mean (geometric) denitrification rates at the 5.0-and 2.5-m distances from the stream were not significantly different (P < 0.05) based on paired t-tests (Table  Of the four sampling dates in which denitrification was measured, the rate on 25 July 1996 was significantly greater than the rate on 6 Mar. 1997 but no other dates were different from each other (Table 7) . Denitrification rates were not highly related to redox potential, NO3-N concentrations, percent volumetric moisture content, depth to ground water, dissolved oxygen content, percent organic matter, percent total C, and percent total N. However, NO3-N, redox potential, soil moisture, depth to ground water, and dissolved oxygen content did differ between the 5-and 2.5-m sites (Table 8) .
Denitrification has been shown to exhibit high spatial and temporal variability (Groffman and Tiedje, 1989; Groffman et al., 1992; Parkin, 1987; Pinay et al., 1993) . Several factors govern the rate of denitrification including organic carbon, moisture content, aeration, pH, temperature, and the type and amount of N present (Tisdale et al., 1993) . Many of these factors vary with the depth sampled. Denitrification rates ranging from 68 kg N ha -~ yr -1 (Lowrance et al., 1995) to less than 1 kg N -ỹ r -~ (Groffman and Tiedje, 1989) have been reported in riparian studies ( Table 9 ). The results of this study compare well with those obtained in Minnesota, Rhode Island, and Pennsylvania. However, the wide range of measured rates reported indicates that denitrification is highly variable. Parkin (1987) studied microsites as source of denitrification variability and concluded that high rates were due to the nonhomogeneous dispersion of active denitrification microsites in the soil. Gold et al. (1998) recently concluded that "hot spots" associated with dark-stained areas and roots might be mostly responsible for denitrification sites. Microcosm sampling, as was used in this study, may miss those sites in the field and underestimate denitrification.
Mass
The N mass balance for the 5-to 2.5-m zone indicates that ground water was the major source of N (>90%) 
CONCLUSIONS
The chemistry of the ground water changed significantly while flowing through the riparian buffer. Concentrations of TKN and TP increased as water flowed through the riparian buffer. Ammonia N concentrations in ground water were low and remained relatively even throughout the buffer. Concentrations of NO 3 -N declined significantly but only in certain portions of the riparian buffer. Most of the decrease (52%) occurred within a 2.5-m strip adjacent to the stream. The first upslope 30 m of the buffer was less important in NO 3 -N removal than the downslope 2.5-m wetland area adjacent to the stream.
Restoration of the riparian buffer decreased the concentrations of N, P, and sediment in overland flow as compared with a control. Restoration also decreased NO 3 -N in ground water by 35%, partly due to the lack of fertilization. Total phosphorus in the ground water increased within the restored field, perhaps due in part to upslope phosphorus loading in manure.
The N mass balance for the 2.5-m strip adjacent to the stream indicated that ground water was the dominant source of N to the riparian buffer and also the dominant loss. Measured denitrification was only 1% of total N losses but that value may have been underestimated. Plant uptake was from 7 to 13% of the N lost, depending on the year.
Underestimated denitrification and upwelling of ground water in the area adjacent to the stream were believed to be primarily responsible for the NO 3 -N concentration decreases observed in this study. This finding suggests that it is important to consider both ground water hydrology as well as biological processes, such as plant uptake and denitrification, in understanding reductions of N concentrations in riparian buffers. Wetlands may be especially important in NO 3 -N reduction when located adjacent to a stream.
Previous studies have measured inputs and outputs from well-established, forested riparian buffers. Results from those studies should not be extrapolated to the expected benefits from restoration of a degraded riparian buffer. Although similar results were obtained for the effects of restoration on overland flow, NO 3 -N concentration decreases following the early stages of restoration might be much less than expected. 
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